Cas2 protein in the CRISPR-Cas system functions as a scaffold for the acquisition of foreign DNA fragments, and as a nuclease against DNA and RNA substrates. Crystal structures of Cas2 have shown catalytically inactive conformational states that do not explain the mechanism of Cas2 nuclease activity. Here, we report that Xanthomonas albilineans Cas2 (XaCas2) assumes an inactive conformation in solution. Residual dipolar couplings and NMR relaxation, however, provide direct evidence on conformational dynamics at the predicted hinge region. Furthermore, XaCas2 transiently associates with metal ions for nuclease activity via highly mobile Asp8. Taken together, the dual function of Cas2 can be explained by a dynamic equilibrium of conformational states that serve as a scaffold or as a nuclease on demand.
the adaptive immune system [12] . In Escherichia coli, Cas1 and Cas2 are essential elements for capturing foreign DNA segments, where Cas2 functions as a scaffold protein to control the length of the spacers [13, 14] . Cas2 also exhibits nuclease activities against double-stranded DNA (dsDNA) and single-stranded RNA (ssRNA) in a divalent metal ion-and pH-dependent manner. Cas2 from Sulfolobus solfataricus exhibited a nuclease activity against ssRNA substrates [15] , whereas Cas2 from Bacillus halodurans [16] and Streptococcus pyogenes [17] showed a nuclease activity against dsDNA substrates. In contrast, Cas2 from Desulfovibrio vulgaris [18] and Thermococcus onnurineus [19] did not show apparent nuclease activities.
Crystal structures have been determined for Cas2 proteins of several bacterial strains, which featured a common ferredoxin fold of a homodimer [15] [16] [17] [18] [19] . Cas2 structures, however, have shown invariably catalytically inactive conformations that do not explain the nuclease activity. It has been reported that a Cas2 dimer binds to a single divalent metal ion for the nuclease activity, and that highly conserved Asp in b1 strand is critical for the metal binding [16] . The Asp residues at the dimer interface are widely separated with distances of [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] A between subunits, which does not allow the Cas2 dimer to accommodate a single metal ion. It has thus been postulated that Cas2 undergoes conformational changes to catalyze the nuclease reaction. Comparative analysis of crystal structures have predicted hinge motions in the b4-b5 loop region of Cas2 for the nuclease activity, but experimental evidences have been limited [16, 17, 20] . Here, we have investigated the solution structure and dynamics of Cas2 from Gram-negative bacteria Xanthomonas albilineans, a main plant pathogen of leaf scald diseases [21, 22] . Xanthomonas albilineans Cas2 (XaCas2) belongs to the subtype I-C CRISPR-Cas system, and the previous crystal structure presented a catalytically inactive state [20] . We demonstrate that XaCas2 adopts an inactive conformation in solution, but exhibits significant conformational dynamics at the hinge region and the metal binding site. The dynamic nature at the active site supports the conformational switch mechanism of Cas2 to function as a scaffold protein as well as a nuclease.
Materials and methods

Cloning, protein expression and purification
The synthetic Xanthomonas albilineans cas2 gene was cloned into a modified pET32a vector and verified by DNA sequencing. The cloned plasmid was introduced into Escherichia coli strain BL21star (DE3) (Invitrogen) cells, and were grown in LB or minimal media with 15 NH 4 Cl and/or 13 C 6 -glucose as sole nitrogen or carbon sources, respectively. Cells were grown at 37°C until OD 600 reached 0.8, induced with 0.5 mM isopropyl-b-D-thiogalactopyranoside, and harvested by centrifugation after 16 h of induction. The cells were resuspended in 20 mM sodium phosphate, pH 6.5, 200 mM NaCl, 20 mM Imidazole, 2 mM b-mercaptoethanol and 1 mM phenylmethylsulfonylfluoride. Cell lysis was performed using Emulsiflex C3 (Avestin, Canada) and the cell lysate was centrifuged at 20 000 9 g for 30 min. The clear supernatant was loaded onto a His-trap column equilibrated with 20 mM sodium phosphate, pH 6.5, 200 mM NaCl, 20 mM imidazole and 2 mM b-mercaptoethanol, and eluted using 500 mM imidazole. To remove the His 6 -tag by the TEV protease, a long flexible linker was required between the His 6 -tag and XaCas2, resulting in an N-terminal GSGSGSGSG tail after the TEV protease digestion reaction. The digestion reaction was loaded again onto the His-trap column, and the flow-through fraction was loaded onto a Superdex 75 column equilibrated with 20 mM sodium phosphate, pH 6.5, 200 mM NaCl, 2 mM b-mercaptoethanol. XaCas2 was incubated in 10 mM HEPES, pH 7.4, 100 mM NaCl, and 10 mM EDTA for an hour to remove metal ions and finally prepared in 10 mM HEPES, pH 7.4, and 100 mM NaCl.
Multiangle light scattering
XaCas2 were characterized by the size exclusion chromatography with inline multiangle light scattering (SEC-MALS) experiments. Two hundred micrometer of XaCas2 was injected onto a WTC-030S column (Wyatt Technology, Santa Barbara, CA, USA) equilibrated with 10 mM HEPES, pH 7.4, and 100 mM NaCl. The chromatography system was connected to an 18-angle light scattering detector (DAWN HELEOS II; Wyatt Technology), and a refractive index detector (Optilab T-rEX; Wyatt Technology). Data were collected every 1 s at a flow rate of 0.5 mLÁmin À1 at 25°C. Data analysis was carried out using the software package ASTRA 6 to determine the molar mass and mass distribution of the sample.
Nuclease activity assay
The reaction mixture contained linearized pUC19 plasmid (100 ng) and XaCas2 protein (20 lM) in 20 mM HEPES, pH 7.4, and 100 mM NaCl. The metal-dependent nuclease activity was performed by incubation of the reaction mixture with 5 mM EDTA, or 4 mM of MgCl 2 , CaCl 2 , and MnCl 2 at 37°C for an hour. The reaction products were treated by protease K and loaded onto a 0.7% (w/v) agarose gel for electrophoresis.
NMR Spectroscopy
The NMR sample contained 1.5 mM 13 C, 15 N-XaCas2 in 50 mM sodium phosphate, pH 7.0, 100 mM NaCl, and 2 mM 1,4-dithiothreitol. The NMR spectra were collected on Bruker AVANCE 600, 800, and 900 MHz spectrometers equipped with a z-shielded gradient triple resonance cryoprobe at 35°C. Sequential and backbone assignments of 1 ; ASLA Biotech), and 250 mM NaCl was used to avoid line broadening due to electrostatic interactions between the protein and the alignment media. N heteronuclear NOE measurements were carried out using pulse schemes described previously [23] . Delays of 10, 200, 400, 600, 800, 1000, and 1500 ms were used for the T 1 relaxation measurement, and 16.7, 33.4, 50.0, 66.8, 100.1, 150.2, and 233.7 ms were used for the T 2 relaxation measurement. For NMR titration, 1 H-15 N HSQC spectra were recorded for 0.3 mM of XaCas2 titrating with Mg 2+ ions, and changes in the backbone amide chemical shifts were monitored. NMR spectra were processed using the NMRPipe [24] program and analyzed using the PIPP [25] , the NMRView [26] , and the Sparky [27] programs.
Results and discussion
MALS data and nuclease activity of XaCas2
We previously reported the crystal structure of XaCas2 with a C-terminal His 6 -tag [20] . In this study, we have employed XaCas2 without the His 6 -tag to avoid potential interference of the His 6 -tag with divalent metal ions that is required for the nuclease activity. We cloned XaCas2 with an N-terminal thioredoxin-His 6 -tag followed by a TEV protease cleavage site. The fusion protein was well expressed and purified, but the His 6 -tag was not removed by the TEV protease. As the N terminus of XaCas2 formed the b1 strand, we introduced a flexible Gly-Ser repeat linker between the TEV protease cleavage site and XaCas2. By varying the length of the (Gly-Ser) n linker, we found that the (GS) 4 linker allowed for the complete removal of the His 6 -tag. Thus, XaCas2 in this study contained extra linker residues at the N terminus. We note that the linker residues did not perturb the structure and activity of XaCas2 as described below. Multiangle light scattering data showed that XaCas2 eluted as a single peak with the absolute molecular mass of 22.3 AE 0.3 kDa (Fig. 1A) . The calculated molecular weight of XaCas2 was 11 492.1 Da, and thus XaCas2 formed a stable dimer in solution. XaCas2 exhibited a nonspecific nuclease activity against dsDNA in a pH-and divalent metal iondependent manner, as previously described [20] . XaCas2 was active between pH 7 and pH 10, but the nuclease activity suddenly dropped at pH 6 (Fig. 1B) . Reduced intensity of the DNA substrate band (~3 kb) on the agarose gel is attributed to the nuclease activity of Cas2. The digestion products, however, appear as smears on the agarose gel instead of cleavage fragments with defined lengths, indicating that XaCas2 functions as a nonspecific nuclease against dsDNA. We also examined the metal ion specificity of XaCas2 for the nuclease activity. XaCas2 was functional in the presence of Mg 2+ and Mn 2+ ions, but not a Ca 2+ ion (Fig. 1C) . Fresh purified XaCas2 did not show any nuclease activity, indicating that the XaCas2 did not bind tightly to endogenous metal ions. We note that XaCas2 with the C-terminal His 6 -tag did not show measurable nuclease activity in the presence of the Mn 2+ ion [20] . The intrinsic Mn 2+ binding affinity of the His 6 -tag is weak (K D~8 00 lM), but two His 6 -tags attached to the XaCas2 dimer possibly have increased affinity and capacity for the Mn 2+ binding, interfering with the nuclease activity [28] . We also note that the nuclease activity of XaCas2 against dsDNA does not originate from co-purifying trace nucleases, as the active site mutants of XaCas2 failed to show the DNase activity [20] . When the active site Asp8 of XaCas2 was mutated to Ala or Asn, the XaCas2 mutants failed to show any nuclease activity. Thus, the nonspecific DNase activity is attributed to XaCas2, instead of possible contaminating nucleases.
XaCas2 adopts a catalytically inactive conformation in solution
We carried out the backbone assignment of XaCas2 using a suite of 3D heteronuclear correlation NMR experiments. Backbone chemical shifts for 85 of 90 residues excluding proline were assigned and annotated in the 2D 1 H-15 N HSQC spectrum (Fig. S1 ). We measured the residual dipolar couplings (RDCs) of backbone amide groups ( 1 D NH ) in the pf1 phage alignment medium to examine the backbone fold of XaCas2 in solution. XaCas2 formed a dimer with a twofold symmetry in the crystal structure that exhibited conformational heterogeneity at the linker region (Ala73-Val79) between b4 and b5 strands [20] . It has been observed that the b4-b5 linker region assumes different backbone conformations among crystal structures of Cas2 proteins of different origins, and between subunits in the same crystal structure [16, 17, 20] . The magnitude and orientation of the alignment tensors were obtained by the singular value decomposition (SVD) analysis for a best fit between observed RDCs and those calculated from the atomic coordinates of the crystal structure of XaCas2 (PDB code 5H1O). Experimental RDCs did not agree with coordinates of individual subunits owing to large differences between observed and calculated RDCs from the b4-b5 linker region ( Figs. 2A and B) . The RDC R-factors for the fitting with individual A and B chains of the XaCas2 dimer were of 31.1% and 28.0%, respectively ( Figs. 2A and  B) .
We then carried out an ensemble fitting of RDCs, assuming that the two conformers of the subunits were equally populated in solution. We note that the 1 H- 15 N HSQC spectra showed one set of backbone amide resonances for the b4-b5 linker residues, so that measured RDCs are effectively weighted according to the populations of the conformers. The agreement between observed and calculated RDCs significantly improved by the ensemble fitting, with the R-factor of 15.6% (Fig. 2C) . Experimental RDCs from the b4-b5 linker region were in excellent agreement with the ensemble of two conformational states. In the course of the ensemble fitting of RDCs, the conformers can assume different alignment tensors, such that the weighted sum of their RDCs correspond to observed RDCs. We note that the C 2 symmetry axis of the dimer should coincide with one of the principal axes of the alignment tensor. Thus, in principle, individual alignment tensors obtained by the ensemble fitting would agree to each other in their magnitudes and orientations. The axial component (D a ) and the rhombicity (g) were 15.1 Hz and 0.40, respectively, for chain A, and 15.0 Hz and 0.41, respectively, for chain B ( Table 1 ). The orientation of the alignment tensors was also very similar between the two subunits, and slight differences in the Euler angles were attributed to imperfect symmetry in the crystal coordinates (Table 1) . Taken together, XaCas2 exhibited a catalytically inactive conformation in solution similar to the crystal structure. The b4-b5 linker region, however, exhibited a dynamic conformational ensemble, which was consistent with the NMR relaxation data in the following section.
The linker region and the metal binding site is highly dynamic
We measured the 15 N R 1 and R 2 relaxation rates and 1 H- 15 N heteronuclear NOE to investigate the backbone dynamics of XaCas2 (Fig. 3) . C-terminal residues (Ser87-Phe96) exhibited significantly increased N heteronuclear NOE values, which was typical of flexible and disordered tail region. The unstructured C-terminal region is in agreement with the crystallographic data that showed a lack of sufficient electron density at the C-terminal tail region [20] . We note that the C-terminal region of Cas2 adopts well-defined b strands and provides the interface for Cas1 in the crystal structure of the Cas1-Cas2 complex, but are completely disordered in the absence of Cas1 [13, 14] . The average backbone 15 N R 1 and 15 N R 2 relaxation rates of the structured region were 0.67 AE 0.06 s À1 and 23.2 AE 6.5 s -1 , respectively. From the ratio of the relaxation parameters (R 2 /R 1 ), the rotational correlation time of XaCas2 was estimated as 12.4 ns [29] , which was typical of a globular protein with the size of a XaCas2 dimer (~23 kDa). 15 N R 2 relaxation rates significantly increased at the b4-b5 linker region that contained a 3 10 -helix between Lys74 and Ala77. Ala73, Lys74, and Ala77 exhibited 15 N R 2 relaxation rates of 31.9 AE 0.5, 41.8 AE 1.0, and 32.7 AE 0.1, respectively. 15 N R 2 relaxation rates of Trp75, Glu76, Arg78, and Val79 in the linker region also exhibited a large increase, but could not be accurately determined due to severe line broadening. Collectively, the b4-b5 linker region exhibited extensive line broadening that is attributed to conformational exchanges on the ls-ms timescales. It is remarkable that Tyr7 and Asp8 in the metal binding site also exhibited large 15 N R 2 relaxation rates of 47.6 AE 1.3 and 41.9 AE 1.8, respectively, which was comparable to those observed in the linker region. It has been postulated that Cas2 has a rigid-body hinge motion in the b4-b5 linker region to switch into the active metalbound state with nuclease activity [16, 17, 20] . We speculate that the hinge motion might be responsible for the conformational dynamics in the b4-b5 linker region and the metal binding site. XaCas2 binds to a divalent metal ion for the nuclease activity. We carried out the chemical shift perturbation experiment using the N-XaCas with up to 100 mM of the Mg2 + ion, we could not observe noticeable chemical shift changes in the backbone amide resonances. We also performed the isothermal titration calorimetry to measure the binding thermodynamics of the interaction XaCas2 and Mg 2+ ions, but could not observe measurable reaction heats associated with the interaction. Both results indicate that XaCas2 only transiently binds to Mg 2+ ions without tight association. We suppose that the catalytically active conformation of XaCas2 is energetically unfavorable due to a suboptimal dimer interface and only transiently formed to bind to metal ions and function as a nuclease. Our result is consistent with the observation that the nuclease activity requires relatively a high concentration (> 20 lM) of XaCas2 to monitor the reaction within hours. Taken together, we propose that XaCas2 predominantly adopts a conformation that functions as a scaffold protein for the acquisition of foreign genetic elements, and transiently switches into a metastable minor conformation that allows for the nuclease activity.
Model for the conformational transition
In the crystal structure of XaCas2, Asp8 of the metal binding site is located at the dimer interface (Fig. 4A) The N and C terminus, and secondary structures are annotated in one subunit. The active site Asp8 pair for the metal binding is shown as a stick, and the distance between the side chain carboxyl groups is denoted. The molecules are colored in blue and red for chain A and B, respectively. The b4-b5 linker regions are colored in cyan and orange for chain A and B, respectively. The backbone nitrogen atoms of residues with conformational dynamics shown in a space-filling model in cyan and orange for chain A and B, respectively. The putative hinge motion that brings the Asp8 pair to a close proximity is shown by light blue arrows. [20] . The Asp8 pair, however, is separated by 11.3 A between the subunit, and is not able to accommodate a single Mg 2+ ion (Fig. 4B) . The distance can be reduced by a rigid-body rotation between the subunits in the dimer (Fig. 4) . We note that there is a domain swapping in the XaCas2 dimer such that the b5 strand of one dimer subunit forms a five-stranded b sheet with the other subunit. The rigid-body rotation in the dimer requires conformational changes at the b4-b5 linker, which can be described as a hinge motion of the linker region. It is well known that the dimerization of the domain-swapped dimer is often accompanied by the hinge loop dynamics [30, 31] . The hinge loop dynamics may play a role in the conformational switch of XaCas2 for the nuclease activity.
The biological significance of the nuclease activity of Cas2 in the context of the CRISPR-Cas function has not been clear, as active site mutation of Cas2 does not abrogate the spacer acquisition by the Cas1-Cas2 complex [13] . In the Cas1-Cas2 complex, Cas2 acts as a scaffold protein to determine the length of the protospacer, while Cas1 functions as a nuclease for the spacer acquisition [14] . We note, however, that the nuclease activity of Cas2 has been linked to an infectious process of Legionella pneumophila, the primary pathogen of Legionnaires' disease [32] . Catalytically deficient Cas2 of L. pneumophila caused an impaired infectivity for amoebal host cells that served as a natural reservoir of the pathogen. Thus, the catalytic activity of Cas2 may be related to biological processes that are distinct from the CRISPR-Cas function of phage immunity.
In summary, we report the first solution structure and dynamics of XaCas2, which reveals conformational dynamics at the active site for metal binding and the linker region for interdomain motions. Crystal structures have suggested a hinge motion at the linker region based on the conformational heterogeneity between different Cas2 homologs or between Cas2 crystals at different crystallization conditions. We note, however, that the conformational heterogeneity can also originate from crystal packing that can strain and distort loop conformations [33, 34] . It is thus of importance to validate that the loop flexibility is genuine in solution, and that conformations in the crystal structures represent the conformational ensemble in dynamic exchange. The solution structure of XaCas2 confirms that the catalytically inactive conformation persists in solution as was determined by the crystallography. RDCs and backbone dynamics at the active site, however, reveal a dynamic equilibrium of conformational states that may enable XaCas2 to handle the structural role as a scaffold protein and also the functional role as a nuclease. We speculate that the conformational dynamics at the hinge loop region and the metal binding site may allow XaCas2 to transiently access a minor state that exhibits the metal-dependent nuclease activity.
